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Abstract
Baryogenesis by heavy-neutrino decay and sphaleron reprocessing of both baryon
and lepton number is reconsidered, paying special attention to the flavour structure
of the general evolution equations and developing an approximate but suciently
accurate analytic solution to the prototype evolution equation. Two dierent models
of neutrino masses are examined, based on an Abelian U(1) or a non-Abelian U(2)
family symmetry. We show that a consistent picture of baryogenesis can emerge in
both cases, although with signicant dierences.
1 Introduction
The need for a mechanism to generate the baryon asymmetry of the universe after an early era of cosmological
inflation is one of the main indications for physics beyond the Standard Model (SM). Several such mechanisms
have been proposed, such as baryon-number violating interactions at tree level in Grand Unied Theories
(GUTs), or sphaleron transitions taking place at the quantum level in electroweak baryogenesis.
An even stronger indication for physics beyond the SM is provided nowadays by the anomalies in neutrino
physics [1, 2, 3], which can be interpreted in terms of neutrino oscillations. Using a simple-minded see-saw
formula, mν = (200 GeV)2=M , a neutrino mass between 0:03 eV and a few eVs, as seemingly implied by a
coherent interpretation of the various neutrino results, suggests a mass scale for new physics between 1015
and 1013 GeV. In turn, this mass scale could be related to the lepton number violating exchange of heavy
right-handed Majorana neutrinos N .
These recent ndings in neutrino physics have stimulated the reconsideration of the possibility that the
baryon asymmetry may be generated by a lepton asymmetry, arising from the out-of-equilibrium decay of the
heavy N [4]. This conversion of asymmetries would occur by the reprocessing of both baryon (B) and lepton
number (L) in sphaleron transitions. Ideally, from a detailed model of neutrino masses, both light and heavy,
one would like to compute the dierence between the number density of baryons and antibaryons, normalized
to the entropy density of the universe, (nB − nB¯)=s  YB, at the time of nucleosynthesis, known to be in the
10−(1011) range from the primordial abundances of the light elements [5]. In order to minimize uncertainties,
the reheating temperature after inflation Trh is assumed to be bigger than the mass of the decaying neutrino [6].
With this general programme in mind, in this paper we add a few elements to the standard analysis of
baryogenesis via leptogenesis: the consideration of the flavour structure of the problem and an approximate but
suciently accurate analytic solution of the relevant evolution equations. These results would be fully relevant
if a suciently detailed model of neutrino masses existed, which is not the case at present. Nevertheless, we
apply our considerations to two dierent models of neutrino masses, based on an Abelian U(1) or a non-Abelian
U(2) family symmetry respectively. A consistent picture of baryogenesis can emerge in both cases, although
with signicant dierences, thus strengthening the view that makes leptogenesis an appealing mechanism for
baryogenesis.
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2 General setting of the problem
Sphaleron transitions, in equilibrium at temperatures above about 100 GeV, violate B and L while conserving
the quantities i  13B − Li, i = e; ;  [9, 10]. As a consequence, by imposing the equilibrium conditions in






Y∆i j0 ; Y∆i 
1
3
YB − YLi ; (2.1)
which species YB in terms of the asymmetries Y∆i j0, either initial or generated before the electroweak phase
transition.
In the pure SM i are conserved. Similarly
P
i Y∆i cannot be generated in a minimal SU(5) model. In order
to generate a baryon asymmetry, we have to assume that an out-of-equilibrium interaction around a temperature
T  violates (some of) the i and produces a net Y∆i j0 dierent from zero: N decay is the example that is of
interest here, in which case T  is of order of the N mass, M1. This decay acts as a source of asymmetry for
the density of the lepton doublets Y`i , related to YLi by YLi = Y`i + Yei , where Yei is the asymmetry of the
right-handed charged leptons. If we only consider the ‘i-violating interactions, the Boltzmann equations for the
Y`i have the (linearized) form
_Y`i = Si − γiY`i ; (2.2)
where _Y`i  dY`i=dz, z  T=M1, and both the sources Si and the wash-out coecients γi are functions of z,
properly normalized to account for the universe expansion.
The way the evolution equations (2.2) are converted into evolution equations for the asymmetries Y∆i [8],
dened in (2.1), depends on which interactions are fast at T , the decay temperature of N . Three temperature
intervals are of interest:
i) T > 101112 GeV, where only the gauge interactions are in equilibrium.
ii) 109 GeV <T < 101112 GeV, where both the interactions due to the  -Yukawa coupling and (presumably)
the sphaleron interactions are in equilibrium [9]1.
iii) T < 109 GeV, where also the -Yukawa coupling mediates equilibrium rates.
The electron Yukawa interactions can be neglected as they are in equilibrium only at very low temperatures
(T < 30 TeV) [8]. If we neglect the Y`i-violating interactions in eq. (2.2), the dierent temperature intervals
are characterized by dierent conservation laws, _YQα = 0. At the highest temperature (case i) the (globally)
conserved quantities, other than Y∆i , include YB, Y`i and Yei , which are progressively broken at lower temper-
atures. The dierent fast rates in any temperature interval give rise to dierent equilibrium conditions for the
asymmetries in the number densities, or the chemical potentials p [7, 8]. For example `τ −eτ +h = 0 in the
temperature range where the  Yukawa coupling τ ‘τ eτh mediates a fast rate. These equilibrium conditions
allow to express all the asymmetries in the number densities in terms of the YQα , with expressions which depend
on the temperature interval.
It is now easy to see how the evolution equations (2.2) in presence of lepton number violation are converted
into evolution equations for the Y∆i , directly relevant to the evaluation of the baryon asymmetry through (2.1).
Since the fast interactions conserve i, they do not contribute to the equation for Y∆i , which takes the form
_Y∆i = −(Si − γiY`i); (2.3)
where Y`i have to be expressed in terms of the Y∆i themselves, Y`i = Aij(T )Y∆j . Using the equilibrium
conditions relevant to the dierent temperature intervals, the matrices of constant coecients are given by
i) A(T > 101112 GeV) = − diag(1; 1; 1); (2.4a)
ii) A(109 GeV <T < 101112 GeV) =
1
488
0@−418 70 4870 −418 48
33 33 −312
1A ; (2.4b)
iii) A(T <109 GeV) =
0@−11=13 4=37 4=371=13 −70=111 4=111
1=13 4=111 −70=111
1A. (2.4c)
1The rate of sphaleron interactions at finite temperature is uncertain. More recent works [10] indicate an equilibrium temperature
close to 1010 GeV, lower than the value adopted here. If this is confirmed, it is straightforward to modify the following considerations.
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If the decay of the heavy neutrino occurs at the border of any of these temperature intervals, a more accurate
treatment of the evolution equations would be needed.
3 Flavour properties of leptogenesis by heavy neutrino decay
The model of neutrino masses is specied by the Yukawa couplings of the heavy right-handed neutrinos Nα,
 = 1; 2; 3, to the left-handed SU(2)-doublets ‘i, i = e; ;  , and to the Higgs eld h
LY = iα‘iNαh + h:c: (3.1)
which one can choose to write in the physical flavour basis of both the charged leptons and the heavy neutrinos





When needed, we accept here the currently dominant view that the light neutrino masses are hierarchical and
that the two signals interpretable as due to the oscillations of three neutrinos are those related to the atmospheric








1/2 < 10−2 eV: (3.4)
The flavour structure of (3.1) and (3.2) is such that also the eq.s (2.2) for _Y`i are dierent in the various ranges
of T  ( M1). As in the connection between Y`i and Y∆i , what counts are the temperature ranges described
in the previous section: we discuss them in turn. For the time being, we consider the asymmetry produced by
the decay of the lightest right-handed neutrino N1.
3.1 T ∗ M1 > 1011÷12 GeV
In this case the Yukawa and the sphaleron interactions can be approximately neglected during N1-decay. Dis-
regarding rst the L = 2 interactions, the evolution equation for Y` has the usual form discussed in the
literature
_Y` = S − γY`; (3.5)
where S is proportional to the total decay asymmetry of N1
"1 =
Γ(N1 ! ‘h)− Γ(N1 ! ‘h)

















and f(x) ’ −3=2x for x  1 [11]. As long as the Yukawa interactions are negligible the lepton asymmetry can be




In an arbitrary flavour basis, the lepton asymmetry is described by a 3 3 matrix  arising from the dierence
of the density matrices of leptons and anti-leptons and normalized so that Tr  =
P
i Y`i [12]. In the case
we are considering, as shown below,  is proportional to the projector P1 on the state ‘1 up to non-diagonal
contributions. When the Yukawa interactions come into equilibrium at lower temperatures, they simply kill the
o-diagonal terms of the matrix  in the physical lepton-flavour basis, while leaving unaltered the trace, which
is what influences
P
i Y∆i or, ultimately, the baryon asymmetry.
Let us now come to discuss the possible washing eect of the L = 2 interactions mediated by o-shell
Nα-exchanges. Their rates, at T < M1, are controlled by the light neutrino mass matrix (3.2). Focusing on the
heaviest eigenvalue, (3.3), the dominant L = 2 amplitude will act on the state 3 and will be proportional to
mν3=v
2. The corresponding rate is in equilibrium at temperatures above 101112 GeV, so that it is only in this
range that the lepton asymmetry produced by N1 is aected. This eect is readily included in the evolution
equation for Y`, eq. (3.5), if ‘3 coincides with ‘1, eq. (3.7), as it happens if the exchange of N1 dominates the
3
mass matrix (3.2) of the light neutrinos. This is usually done in the literature [13] by introducing a properly
normalized L = 2 rate γ∆L=2 in the left-hand-side of eq. (3.5), which becomes
_Y` = S − (γ + γ∆L=2)Y`: (3.8)
The inclusion of the L = 2 washing eect is dierent if ‘3 is not aligned with ‘1. If we keep only the dominant
L = 2 washing interactions acting on ‘3, their eect is accounted for, in the general case, by projecting
the evolution equation for the matrix  in the subspace ‘3 and in its orthogonal complement, and writingP
Y`i = Y3 + Y? with
_Y3 = c3S − [Tr(P1P3)γ + γ∆L=2]Y3 (3.9a)
_Y? = (1− c3)S − γ[1− Tr(P1P3)]Y?: (3.9b)
Here Y? describes the trace of the matrix  restricted to the corresponding subspace,
c3 =
Γ(N1 ! ‘3h)− Γ(N1 ! ‘3h)
Γ(N1 ! ‘h)− Γ(N1 ! ‘h)
(3.10)
is the part of the asymmetry produced by the decay of N1 into ‘3 and P1, P3 are the projectors over ‘1, ‘3
respectively.
This intuitive result can be formally derived by writing the evolution equation for the matrix  associated






− γ fP1; g
2
− γ∆L=2 fP3; g2 ; (3.11)
where P=2"1 in the source term accounts for the misalignment in flavour space of the states ‘ and ‘ to which
N1 decays, with projectors P and P (see appendix A). An exact expression for the source term is
S
Γ(N ! ‘h)P − Γ(N ! ‘h) P
Γ(N ! ‘h)− Γ(N ! ‘h) ; (3.12)
which, expanded to rst order in the asymmetry, gives the source term in (3.11) with P = P − P and "1 given
by eq. (3.6). It is important to notice that P=2"1 is of order unity and cannot be neglected. Without γ∆L=2,








where Y` satises (3.5). Notice that Tr  = Y` and that Tr[P1(P1 + P=2"1)] = 1 + O("1). With γ∆L=2, the











3.2 109 GeV< T ∗ M1 < 1011÷12 GeV
In this case, during N1-decay, the L = 2 interactions can be neglected. On the contrary, one has to take
into account the fast rates due to the  -Yukawa interactions. One of their eect is best seen in the flavour
basis, where they drive to zero the o-diagonal terms τe, τµ of the matrix . Dening cτ in analogy with c3,
eq. (3.10), one would have
_ττ = _Y`τ = cτS − γ Tr(P1Pτ )Y`τ (3.15)
and, for the sum of the electron and muon asymmetries, indistinguishable at this stage,
_µµ + _ee = _Y`µ + _Y`e = (1− cτ )S − γ[1− Tr(P1Pτ )](Y`µ + Y`e): (3.16)
Furthermore, the equilibrium of the  -Yukawa and sphaleron interactions has the eect described in section 2
and accounted for by the 2 2 matrix Anm which mixes τ with e + µ (n; m = fe + ; g). In analogy with
section 2
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Figure 1: Contour plot of our analytic approximation for the eciency factor  of leptogenesis in the SM as
function of (em1; MN1). The L = 2 interactions not mediated by N1 have been computed assuming mν3 =
max(em1; (3 10−3)1/2 eV) and assuming that their flavour structure gives the weakest washing (X = 1) in g. 1a,
and the strongest washing (X = (mν3=em1)2) in g. 1b.
3.3 T ∗ M1 < 109 GeV
The extension to this case, when both the  -Yukawa and -Yukawa interactions are in equilibrium, is obvious.
All the o-diagonal elements of the matrix  in the flavour basis are driven to zero so that
_Y`i = ciS − γTr(P1Pi)Y`i (3.18)
where i = e; ;  . Including the fast Yukawa and sphaleron interactions as described in section 2 with the proper
\mixing" matrix (2.4c) one obtains the evolution equations for Y∆i .
4 Approximate analytic solutions of the Boltzmann equations
In this section, and in the related appendix B, we describe an approximate but suciently accurate analytic
solution to Boltzmann equations of the form (3.8). Numerical solutions have been presented in [13], where
the relevant SM rates have been computed. As previously discussed, this equation is appropriate for T  >
101112 GeV and when the exchange of N1 dominates the mass matrix of the light neutrinos. Boltzmann
equations with a similar structure hold at lower temperatures, when sphaleron and Yukawa interactions are
fast. Similar analytic solutions can be developed in these cases.
In the most general case, N1 exchange gives a contribution ~m1[(‘1h=v)2 + h.c.] to the light neutrino mass
operator: the flavour of ‘1 can be dierent from the flavour of the heaviest neutrino 3 in the ‘3 doublet, andem1 = (y)11v2=M1 can be smaller than its mass mν3 . The appropriate system of eq.s (3.9) depends on the
relative flavour between ‘1 and ‘3. They simplify to a single equation of the form (3.8) in the two extreme
limits:
(a) ‘1 and ‘3 have ‘orthogonal’ flavours (in the notation of section 3 this means Tr(P1P3) = 0 and c3 = 0);
(b) ‘1 and ‘3 have ‘aligned’ flavours (P1 = P3 and c3 = 1).
In case (a) the dominant L = 2 interactions cannot wash out the leptonic asymmetry in ‘1, as would happen
for example if they only acted on  and  flavours while ‘1 = ‘e. The relevant equation (3.9b) has the form (3.8),
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with γ∆L=2 given by the subdominant L = 2 interactions mediated by N1 (neglected in (3.9)). In case (b) the
relevant equation (3.9a) has the form (3.8), with the L = 2 rate γ∆L=2 being X = (mν3=em1)2 times stronger
than the one mediated by N1 alone. The intermediate situation can be studied by solving (3.9) for any given
relative flavour misalignement between ‘1 and ‘3: the result should be intermediate between the ones obtained
for X = 1 (case a) and X = (mν3=em1)2 (case b).
Both the source S and the decay coecient γ +γ∆L=2 in eq. (3.8) depend upon YN1 , the N1 density relative
to the total entropy density, which satises its own evolution equation. We dene (see appendix B)
em1  4:5 10−3 eV: (4.1)
If em1  em1, the decay width of N1 is much smaller than the Hubble constant and N1 decays strongly out of
equilibrium, while, conversely, it is almost in equilibrium for em1  em1. Explicit expressions for YN1(z) in the
two regimes are given in appendix B.
With explicit knowledge of S and γ, eq. (3.8) can be integrated to obtain Y` at T  M1





Y`(z  1) = −3"12183 ; (4.2)
where   1 is an eciency factor describing the eect of wash-out interactions. In appendix B we describe
an accurate analytic approximation for . The rst-order linear dierential equation for Y`, eq. (3.8), can
be explicitly solved in terms of integrals. Our approximation for  is obtained by inserting the asymptotic
expressions for the interaction rates and for the N1 abundance described in appendix B.1 and evaluating the
integral in the saddle-point approximation.
Depending on the mass and Yukawa couplings of N1, four dierent regimes are possible. The L = 2
interactions can be either signicant or negligible, and the N1 decay rate (which is comparable to the thermally
averaged L = 1 interactions) can be faster or slower than the expansion of the universe, depending on the
value of em1=em1. Specializing our general approximation (B.5) described in the appendix to the four regimes,
we can derive less precise but more explicit expressions for :
A. N1 decays strongly out of equilibrium and all the wash-out interactions are negligible. In this case   1.
B. N1 decays almost in equilibrium and L = 1 interactions are not negligible. As explained in appendix B,
 is suppressed only almost linearly in em1=em1:






ln(em1=em1) + 2t ln(MN1=mh)=2
where mh is the higgs mass and t the top Yukawa coupling. Notice that  depends, up to small corrections,
on the mass and Yukawa couplings of N1 only through the single combination em1.










The factor in the exponent is proportional to the square root of γ∆L=2 and gives a signicant suppression
only if M1 is heavy enough.
D. N1 decays strongly out of equilibrium and L = 2 washing is not negligible. These interactions again












If X = 1, this suppression is signicant only for uninteresting high values of M1.
These four regions are clearly visible, and explicitly indicated, in g. 1, where we show contour plots of our
approximation of , eq. (B.5), as function of the two unknown parameters em1 and M1 in the two extreme
situations alluded to above: g. 1a refers to case (a) and g. 1b to case (b).
Before concluding this section, we make a few comments on the validity of our approximations.
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1. We have assumed that N1 has a thermal abundance at T  M1 but this could not be the case. Ifem1  em1, N1 rapidly thermalizes anyhow, so that its ‘initial’ abundance is irrelevant. If instead em1 em1, thermalization is slow and leptogenesis becomes sensitive to the initial abundance: starting with
YN1(0) = 0, the N1 abundance at decay is roughly suppressed by a factor em1=em1, not included in g.s 1.
2. In presence of a strong exponential suppression, the slow (i.e. γ  1) Yukawa and/or sphaleron interactions
can not be neglected: a fraction   γ=γ` of the asymmetry in left-handed leptons ‘ is transmitted to
right-handed leptons and/or to quarks before being washed out.
3. We have done the computation in the SM. Apart from factors of order one, there should be no signicant
dierence between the SM [13] and MSSM [14] predictions for Y`, with the main change possibly due to
a large value of tan .
4. We have neglected the asymmetry generated by the heavier neutrinos, even if their mass is below Trh.
This asymmetry is generally believed to be washed out by fast interactions mediated by the lightest right-
handed neutrino. Considering the flavour structure of the problem we can see that this is not always the








For T > 101112 GeV, analogously to eq. (3.9a) and (3.9b), only the restriction of h to the subspace ‘1
will be washed out by N1 interactions, while its orthogonal complement will remain untouched. For lower
T  the wash-out eciency depends on the projection of ‘h and ‘1 on the flavour states: also in this case
a non-negligible part of the asymmetry can survive.
5 Baryogenesis in specific models of neutrino masses
As made clear from the previous discussion, a detailed calculation of the baryon asymmetry generated via
leptogenesis would require a detailed knowledge of the model for neutrino masses, not available at present. A
typical model is currently specied by textures for the matrix  of the Yukawa couplings and for the mass
matrix M of the heavy right-handed neutrinos, with undetermined complex coecients of order unity for every
non-zero entry. The ignorance of these coecients induces an uncertainty in the lepton asymmetry, generically
of the same order unity. A pile up of eects correcting the nal result for Y` by up to one order of magnitude
in either direction, although not likely, cannot be safely excluded.
Before considering specic models, it is useful to recast the relevant equations in a more expressive form,





where g is a model dependent flavour factor which, barring cancellations, is less than unity and does not depend






where the eciency factor  is also less than unity and depends on the coecient em1 of the contribution
~m1[(‘1h=v)2 + h.c.] to the mass matrix of the light neutrinos from N1 exchange.
In the light of the above general considerations, we compute the expected baryon asymmetry in two models
of neutrino masses, based on an abelian U(1) or a non-abelian U(2) family symmetry respectively. In both cases
we have checked that the careful treatment of flavour, as described in section 2 and 3, can modify the result with
respect to the naive treatment based on eq. (2.2) only to an amount which stays within the model uncertainty.
Hence we only describe the results of the naive analysis. As in all the previous discussion we assume a reheating
temperature after inflation above M1.
5.1 The U(1) model
The essential elements of this model [16] are the U(1)-charges of the three left-handed lepton doublets ~‘3, ~‘2,
~‘1: a, a, a + x, and the biggest charge 1 of the heavy neutrinos, associated with ~N c1 . The tilde on top of ‘
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and N c is there to remind that they are not mass eigenstates. The U(1) charges of all particles with the same
chirality | hence the ‘c’ on the heavy neutrino elds | are non-negative and are taken consistent with SU(5)
unication, so that they are identical within each SU(5) multiplet. Every element iα of the Yukawa matrix is
given, up to a factor of order unity, by qi+θα , where  is a small parameter and qi, α are the U(1) charges
of the elds ~‘i and ~N cα respectively. An analogous formula holds for all other Yukawa couplings. In the same
way, again up to factors of order unity, the mass matrix of the heavy neutrinos is Mαβ  M0 (θα+θβ), where
M0 is an unspecied mass scale. The equality of the U(1)-charges of ~‘3 and ~‘2 is at the origin of the large
neutrino mixing supposedly observed at SuperKamiokande. The large top Yukawa coupling and consistency
with SU(5) unication require the vanishing of the U(1) charge of the third generation right-handed charged
leptons, approximately R.
With these inputs, from the explicit construction of the  and M matrices, it is immediate to obtain
"1  316 
2(a+θ1); mν3  em1  2a v2M0 ; M1  2θ1M0: (5.3)
Phases of order unity are assumed in the various matrix elements. We have also assumed that the unspecied
charges of the heavy neutrinos other than N1 are suciently smaller than 1 so that M1=Mα  2(θ1−θα),
 = 2; 3, are small. A posteriori, this can only be marginally the case. A drawback of the model is the need to
invoke a fortuitous cancellation to explain the hierarchy in the neutrino mass matrix, mν2=mν3 < 0:05, against
the naive expectation mν2  mν3 . In its unied version, the model also gives mτ  av, although with an
arbitrary identication of the vacuum expectation values of the Higgs elds relevant to mτ and mν3 .
Eq.s (5.3) can be combined to give the flavour factor g in (5.1), approximately equal to unity. Furthermore
M1, using also mτ  av, is bounded by M1 < M0  m2τ=mν3 < 1011 GeV. There is no other restriction on M1
which can therefore be xed to obtain the desired value of YB from g. (1). Since em1  mν3  (0:31)10−1 eV,
from g.s 1,  = (0:31)10−2. Hence consistency with YB = (10−1010−11) is obtained for M1  101011 GeV.
Although lower than M0 <1011 GeV, this value is such that also the heaviest singlet neutrinos have to be close
in mass and all in the 1011 GeV range.
5.2 The U(2) model
The relevant pieces of information are contained in the form of the matrices for the ~‘ ~N Yukawa couplings and
for the heavy neutrino masses
~ 
0@ 00  
 1
1A ; M  M0
0@ 00 1 1
1 
1A ; (5.4)
where   0:02 and 0  0:004 are dimensionless parameters related to the hierarchical breaking of U(2) and
determined from the observed values of charged fermion masses [17]. The tilde on top of  indicates that ~,
unlike  in eq. (3.2), is not in the physical basis for the heavy neutrinos but rather in the basis specied by M .
As before, order one prefactors are understood in every entry of (5.4), whereas the blanks stand for non-zero
but suciently small elements. Since the structure of the model is intimately tied to unication, M0 is of order
MGUT  2  1016 GeV [17, 18].
The diagonalization of M in eq. (5.4) leads to M2  M3  M0  MGUT and to a substantially lighter
M1  02MGUT  109  1010 GeV. In turn the ‘-N Yukawa couplings in the physical N-basis (N1, N2, N3)
acquire the form
 
0@ 02 0 00  
0 1 1
1A : (5.5)






 0:1 eV; mν2
mν3
   2  10−2; (5.6)
in reasonable agreement with observations. Furthermore em1  mν3 , so that   (0:3  1)10−2 and, for the
flavour factor in (5.2), g  mν2=mν3    0:02. Putting everything together, we get from (5.2)
nB
s
 3 10−11 M1
108 GeV
:
Unlike the previous case, however, M1 is not a free parameter. Since M1  10910 GeV, the baryon asymmetry
is xed to 3 10−(1213).
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6 Conclusions
The experimental results in neutrino physics of the last few years have made plausible the case for a baryon
asymmetry generated by a lepton asymmetry arising from the out-of-equilibrium decay of a heavy right-handed
neutrino. With this motivation, this paper achieves two purposes. The rst is to determine in a precise way the
evolution equations for the baryon and lepton asymmetries by taking into account the full flavour structure of
the problem. This would be fully relevant with a suciently detailed model of neutrino masses on hand.
The second purpose is to examine the expected asymmetry in two specic models of neutrino masses, within
their limit of uncertainty. In both cases, we have shown that a consistent picture of baryogenesis can emerge,
although with signicant dierences. In the U(1) model, which does not account automatically for the hierarchy
of neutrino masses, the observed baryon asymmetry can be obtained by choosing the scale of the heavy neutrinos,
all close in mass, between 1010 and 1012 GeV. In the U(2) model, the lighter of the heavy neutrinos has a mass
M1 xed by independent considerations at M1  10910 GeV and signicantly lower than that of the two others
M2  M3  MG. In this case the baryon asymmetry is xed at 3 10−(1213) against an observed value of
10−(1011). In view of the uncertainties discussed in the text, we consider this as a success, strengthening the
view that makes leptogenesis an appealing mechanism for baryogenesis. In every instance it is clear that the
decaying neutrino is heavy, above 109 GeV and correspondingly Trh is bigger than the same value, a non trivial
constraint on the evolution of the early universe.
Acknowledgments The work of N.T. was supported by the E.C. under TMR contract No. ERBFMRX{
CT96{0090.
A The explicit form of N1 decay amplitude
The tree-level amplitudes and the one loop corrections to N1 decay are, up to an overall factor
ai  a(N1 ! ‘ih) = i1 i  a(N1 ! ‘ih) = iαj1jαAα
ai  a(N1 ! ‘ih) = i1 i  a(N1 ! ‘ih) = iαj1jαAα;
where ImAα = −f(Mα=M1)=32 and f is dened in eq. (3.6). Note that i 6= i . Neglecting L = 2
interactions, the Boltzmann equations for the density matrices of leptons and antileptons are
_` = S`P + γ(P − 12fP; `g) (A.1a)
_¯` = S¯` P + γ( P − 1
2
f P ; ¯`g); (A.1b)
where
Pij =





(a + )i(a + )
y
j
ja + j2 : (A.2)
By taking the dierence between (A.1a) and (A.1b), dening S = S` − S¯` and linearizing in  = ` − ¯`,
eq. (3.11) follows. In eq. (3.11) we have also included the L = 2 terms, which can be discussed along similar

















so that eq (3.14) is easily justied.
B Approximate solutions of Boltzmann equations for leptogenesis
As usual [19, 13, 14] we assume a Boltzmann kinetic distribution for bosons and fermions: the Boltzmann
equations for the total abundances nN1 , n` and n¯` are expected to be correct within few 10% errors. With this
approximation the Hubble constant at temperature T , as predicted by standard cosmology, is given by H2(T ) =
8pi
3 GN where MPl  G−1/2N = 1:22 1019 GeV,  = 3gSMT 4=2 and gSM is the number of ultra-relativistic spin
degrees of freedom (gSM = 118 in the SM at T  100 GeV). The entropy density is s = 4gSMT 3=2. The
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number density of a particle with g spin degrees of freedom (for example gN1 = 2 and g` = 4) and mass M in











where z = M=T and K2 is a Bessel function (precisely dened as BesselK[2,z] in Mathematica notation [20])
with the following limiting behaviors: K2(z)=z ’ 2=z3 as z ! 0 and K2(z)=z ’ e−z
p
=2z3 as z ! 1. The








(0) = − 3gN1
37gSM
"1  ;
where "1 is the CP asymmetry in N1 decays given in eq. (3.6), and  is an eciency factor for leptogenesis
that depends on the mass and Yukawa couplings of N1 and should be determined solving the relevant set of
Boltzmann equations. We assume thermal equilibrium at T  M1: consequently   1. In this section we
derive the approximate analytical expression for  used in section 4. As usual it is convenient to write equations
for YN1(z)  nN1(z)=s(z) and for Y`  (n` − n¯`)=s, where z  M1=T and s is the total entropy density.
B.1 The Boltzmann equation for the N1 abundance
A rst equation





(YN1 − Y eqN1)(γD + 2γh,s + 4γh,t) (B.1)
controls how much out of equilibrium N1 decays. Approximate expressions for the dimensionful thermally
averaged interaction rates γD, γh,(s,t) (and their precise denition) can be found at the end of this appendix.
Assuming thermal equilibrium of N1 above the decoupling temperature T  M1, the N1 abundance at
decoupling can be either almost in equilibrium (if γN1  1) or strongly out of equilibrium (if γN1  1).
Approximately γN1  em1=em1, where
em1  128pgSMg`v2MPl(1 + gN1) = 4:5 10−3 eV
depends on cosmology (the numerical factors are appropriate for later use). All the dependence on the mass
and Yukawa couplings of N1 is incorporated in em1  2N1v2=M1, the contribution to the light neutrino mass
mediated by N1 (2i  (y)ii is the ‘total’ squared Yukawa coupling of Ni). Approximate solutions for YN1
valid in the two regimes are:
 If em1  em1, N1 decays strongly out of equilibrium. In this case the only relevant collision term is the
thermally averaged decay rate at T  M1, so that the Boltzmann equation for N1 and its solution are














 If em1  em1, N1 decays almost in equilibrium. If the collision terms γN1 are fast, the approximate equation
for N1(z)  YN1(z)− Y eqN1(z) and its solution are [19]
0N1 = 0 ) N1(z  1) 
Y 0eqN1 (z  1)
γN1(z  1)
:
Even if we do not have a unique good approximation for the N1 abundance, we can obtain a good approximation
for the generated lepton asymmetry. The reason is that, if the washing interactions are eective (otherwise
 is trivially close to 1), only the lepton asymmetry produced by late N1 decays survives. The nal result is
insensitive to what happens in the range of temperatures T  M1, where we do not have a simple approximation
for YN1(z).
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B.2 The Boltzmann equation for the leptonic asymmetry
We now consider the Boltzmann equations for the leptonic asymmetry Y` = (n` − n¯`)=s. For concreteness, we
give approximate solutions to the equations usually employed in the literature. If sphalerons and/or lepton
Yukawa couplings and/or a non minimal flavour structure give signicant interactions at T  M1, the equations
must be modied by appropriate order one coecients. The Boltzmann equation for Y` is
Y 0` + γ`(z)Y` = −S`(z); (B.2)
where the source and damping factors S` and γ`, computed in the SM [13] neglecting signicant thermal
corrections to the higgs mass mh, are given by
















Approximate expressions for these factors, inserting our almost-in-equilibrium approximation for YN1(z) (it is
immediate to pass to the other case), are:



























The term in (B.4b) decoupling as e−z at low T is due to L = 1 interactions, while the term multiplied by
X is due to L = 2 interactions and decouples only as 1=z2. As explained in section 4 the factor X , ranging
between 1 and (mν3=em1)2, takes into account possible signicant L = 2 interactions not mediated by N1.
The Boltzmann equation for Y` is a linear rst order dierential equation: using its standard solution in

















The nal expression has been obtained by integrating the 2nd order Taylor expansion of F (z) around its
minimum (F 0(z) = 0). When L = 2 scatterings are irrelevant this expression, with S` and γ` taken from (B.4),
gives a good approximation even if N1 decays strongly out of equilibrium.
Depending on the mass and Yukawa couplings of N1, four dierent regimes are possible. Specializing our
approximation (B.5) to the four regimes, we have derived the less precise but more explicit approximations
for  presented in the text. It could be a bit surprising that, when the γ∆L=1 interactions are much faster
than the expansion rate of the universe, the lepton asymmetry is suppressed only linearly. The reason is that
L = 1 interactions, having N1 as an external state, at low temperature are suppressed by a Boltzmann factor:
γ∆L=1(z)  γ∆L=1(0)e−z. For z > z these washing interactions become negligible and all the N1 decays give
rise to unwashed leptonic asymmetry, so that the suppression factor is approximately given by
  YN1(z)=YN1(0)  e−z¯  1=γ∆L=1(0)  em1=em1:
The L = 2 interactions mediated by Ni can be computed in the eective theory below N1 and decouple only
as 1=z2. These interactions do not decouple exponentially and consequently can wash out Y` exponentially. Ifem1  mν3 these interactions are signicant when 1  1.
B.3 Approximate expressions for the thermally averaged interactions rates
Evaluating the various thermally averaged interaction rates [13] is the more dicult step of a numerical com-
putation. Quite simple and accurate expressions hold in various relevant limits:























































γN (z  0)  (M11)
4
325z4
; γN (z  1)  (M11)
4
25z6







γN,t(z  0)  (M11)
4
325z4




where 2i  (y)ii is the ‘total’ squared Yukawa coupling of Ni, and we have followed the notation of [13] for
the dimensionful γ: γD is the thermally averaged decay rate, and γh(N),c is a L = 1 (2) interaction mediated
by h(N) in channel c. These approximations have been used to obtain eq.s (B.4).
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